Objectives To evaluate the feasibility and diagnostic accuracy of dual-energy computed tomography (DECT) for the detection of bone marrow edema (BME) in patients suspected for sacroiliitis. Methods Patients aged 18-55 years with clinical suspicion for sacroiliitis were enrolled. All patients underwent DECT and 3.0 T MRI of the sacroiliac joints on the same day. Virtual non-calcium (VNCa) images were calculated from DECT images for demonstration of BME. VNCa images were scored by two readers independently using a binary system (0 = normal bone marrow, 1 = BME). Diagnostic performance was assessed with fluid-sensitive MRI as the reference standard. ROIs were placed on VNCa images, and CT numbers were displayed. Cutoff values for BME detection were determined based on ROC curves. Results Forty patients (16 men, 24 women, mean age 37.1 years ± 9.6 years) were included. Overall inter-reader agreement for visual image reading of BME on VNCa images was good (κ = 0.70). The sensitivity and specificity of BME detection by DECT were 65.4% and 94.2% on the quadrant level and 81.3% and 91.7% on the patient level. ROC analyses revealed AUCs of 0.90 and 0.87 for CT numbers in the ilium and sacrum, respectively. Cutoff values of − 44.4 HU (for iliac quadrants) and − 40.8 HU (for sacral quadrants) yielded sensitivities of 76.9% and 76.7% and specificities of 91.5% and 87.5%, respectively. Conclusions Inflammatory sacroiliac BME can be detected by VNCa images calculated from DECT, with a good interobserver agreement, moderate sensitivity, and high specificity. Key Points • Virtual non-calcium images calculated from dual-energy CT can detect sacroiliac bone marrow edema in patients suspected for sacroiliitis. • Dual-energy CT has a high specificity in bone marrow edema detection.
Introduction
Axial spondyloarthritis (SpA) is a chronic inflammatory disease that typically affects the sacroiliac joints and the spine [1] . The presence of active inflammation is both a key component of the diagnosis of SpA and a target for therapy. Bone marrow edema (BME) of the sacroiliac joint is considered the main imaging marker of this inflammation [2] [3] [4] . Currently, BME is assessed on MRI [4] , seen as high signal intensity on fluid-sensitive sequences (fat-saturated T2-weighted turbo spin echo or short tau inversion recovery (STIR)). However, MRI has some disadvantages. It is costly, may not be easily accessible, has a long acquisition time, and is contraindicated for certain patients.
Compared to MRI, CT is cheaper and more accessible, has much shorter acquisition times (e.g., 20 s vs. 1/2 h), and is rarely contraindicated. Bone marrow changes are poorly seen at traditional CT. The introduction of dual-energy CT (DECT) scanners allows a new approach to visualization of inflammation [5, 6] , especially BME. Differences in attenuation between normal and edematous bone marrow at two different tube voltages allow for BME to be detected using a threematerial decomposition algorithm [7] . The calcified component of bone can be subtracted, generating virtual non-calcium (VNCa) images to highlight bone marrow.
The value of DECT in detection of BME at different body sites has been evaluated, including knee [7, 8] , wrist and hand [9] , ankle [10] , hip [11, 12] , and spine [13] [14] [15] . Most of these studies focused on traumatic BME. We hypothesized that VNCa images calculated from DECT data sets could identify inflammatory BME of the sacroiliac joints with clinically useful accuracy. Thus, the aim of this study was to evaluate the feasibility and diagnostic accuracy of DECT for the detection of sacroiliac BME in patients suspected for sacroiliitis in comparison with MRI.
Materials and methods

Study group
The study was approved by the local ethics committee, and written informed consent was obtained from all patients.
Patients aged 18-55 years, clinically suspected for sacroiliitis by a tertiary hospital rheumatologist, were consecutively and prospectively invited for the study between January and July 2019. Pregnant patients and those with metal implants in the pelvis or any contraindications to MRI were excluded. All patients underwent DECT and MRI scans on the same day. The final clinical diagnosis and change of treatment after imaging were recorded by the rheumatologist.
Imaging and reconstruction protocol
DECT protocol
All CT examinations were performed on a dual-source spiral CT scanner (Somatom Definition Flash, Siemens Healthineers). The unit is equipped with two X-ray tubes and two corresponding detectors oriented in the gantry with an angular offset of 95°, allowing for simultaneous imaging at different energies.
CT scan of the sacroiliac joints was performed by using a dedicated DECT protocol (collimation of 20 mm × 0.6 mm; pitch of 0.6; rotation time of 0.5 s). Tube voltages were set at 100 kV (tube A) and 140 kV with activated tin filter (tube B), i.e., Sn 140 kV. The predefined tube current-time product was set at a ratio of approximately 1.3:1 (tube A, 250 effective mAs; tube B, 193 effective mAs), with automated attenuation-based tube current modulation (Care Dose 4D, Siemens). Mean volume CT dose index was 20.9 mGy ± 8.2 mGy (range, 9.9-45.4 mGy). No intravenous contrast was used.
DECT image postprocessing
Three image sets were acquired from each DECT scan, namely a 100-kV set, a 140-kV set, and a weighted average set. The weighted average image was computed from the 140-kV and 100-kV data with a default ratio of 0.5:0.5 to resemble the contrast properties of a single 120-kV image. Axial images were reconstructed for all three data sets with a slice thickness of 2 mm (increment, 1 mm) by using a bone kernel (I50h) and a soft-tissue kernel (Q30f). Additionally, axial images with a slice thickness of 1 mm and an increment of 0.7 mm (Q30f) were computed for multiplanar reformation.
Data sets were transferred to a workstation equipped with commercially available DECT postprocessing software (syngo.via, version VB20, Siemens Healthineers) for image analysis. Bone marrow edema setting using a three-material decomposition algorithm for bone mineral, red bone marrow, and yellow bone marrow was applied. The relative calcium ratio was set to a default value of 1.45. The values for red bone marrow and yellow bone marrow at 100 kV and Sn 140 kV were 52 HU and 51 HU, and − 103 HU and − 87 HU, respectively.
Only voxels with CT attenuation between 100 and 1500 HU on the weighted average image were analyzed; the range of the smoothing filter was set to 3. VNCa images were displayed as color-coded overlay maps merged with weighted average CT images. Color coding ranged from blue/purple (fat), green (water/BME), to yellow (increasing red marrow/ blood content). If the obtained values were beyond the colorcoding range, this region was shown as gray. Additionally, semi-coronal and axial reconstructions of the mixed VNCa images were acquired for qualitative image reading (slice thickness 1 mm, increment 1 mm).
MR imaging
MRI was performed on a 3.0-T MRI unit (Prisma, Siemens Healthineers) with a body-flexed array coil (Siemens Healthineers). Sequence protocol included the following: semi-coronal (along the long axis of the sacrum perpendicular to the S2 vertebral body) T1-weighted turbo spin echo (slice thickness, 3 mm; repetition time/echo time (TR/TE), 715 ms/ 10 ms), semi-coronal STIR (slice thickness, 3 mm; TR/TE/ inversion time (TI), 4600 ms/38 ms/220 ms), and axial STIR (slice thickness, 4 mm; TR/TE/TI, 8190 ms/57 ms/220 ms).
No gadolinium contrast was used as previous studies indicated no added value of contrast administration for detection of BME on MRI [16] .
Visual image reading
For all image analyses, the sacroiliac joint was divided into 4 quadrants in accordance with the Spondyloarthritis Research Consortium of Canada scoring system for inflammation of the sacroiliac joints [17] , as shown in Fig. 1 a. Visual and quantitative analyses were both performed on semi-coronal images. The axial images were checked in case of uncertainty.
Two radiologists (reader 1 (M.C.) and reader 2 (L.J.), with 4 years and 16 years of experience in musculoskeletal radiology, respectively) analyzed the VNCa images independently, in a random order. Both readers were blinded to MR images. Each sacroiliac quadrant was evaluated for the presence of inflammatory BME by using a binary classification system: 0 = normal bone marrow and 1 = presence of BME. On VNCa images, BME was defined as a periarticular bright green area with clear margins. Only bone marrow lesions more than 3 mm in distance from adjacent cortical bone were included, as accurate analysis of bone marrow within this zone is hampered due to the artifacts from beam hardening, removal of the cortex, and filtering effects on VNCa images [10] . For further analysis, the presence of BME was recorded if either of the readers scored 1 for the quadrant.
Six weeks after scoring for BME on VNCa images, the absence or presence of BME for each sacroiliac quadrant on MRI was evaluated by reader 1 and reader 2 in consensus. The presence of BME on MRI was defined using the Assessment of SpondyloArthritis International Society definition [4] : (1) hyperintense signal on STIR images is located periarticularly, highly suggestive of sacroiliitis, and (2) the lesion should be present on at least two consecutive slices. Quadrants with BME seen only within a 3 mm distance from the cortical bone were excluded for further analysis, in accordance with the scoring system used for DECT.
For analysis on the patient level, a patient was considered with the presence of BME if there was BME in any of the eight sacroiliac quadrants, for both modalities.
Quantitative analysis
After the visual analysis of all DECT and MRI images, readers 1 and 2 independently performed quantitative analysis with reference to MRI results. CT numbers on VNCa images were acquired. Circular regions of interest (ROIs) with an area of 0.3 cm 2 for each quadrant were manually placed on areas with the highest signal intensity on corresponding MR STIR images. 
Statistics
Inter-reader agreement for visual analysis on DECT was evaluated using κ statistics. κ values below 0.20 were considered to represent "slight," 0.21-0.40 "fair," 0.41-0.60 "moderate," 0.61-0.80 "good," and 0.81-1.00 "almost perfect" agreement [18] . Sensitivities, specificities, positive predictive values (PPVs), and negative predictive values (NPVs) of BME detection on VNCa images were calculated on both the quadrant level and the patient level, including 95% confidence intervals (CIs).
For quantitative analysis, the intraclass correlation coefficient (ICC) between measurements of CT numbers from the two readers was calculated. Average of CT numbers from two readers was used for receiver operating characteristic (ROC) curve analyses and area under the ROC curve (AUC) calculations. The cutoff CT numbers showing the highest accuracy for differentiation between normal bone marrow and BME lesions for each group were decided by using Youden's index. Comparison of CT numbers between normal and abnormal quadrants or between sacral and iliac quadrants was performed using t test. Numerical variables were displayed as mean ± standard deviation (SD). A p value < 0.05 was considered to indicate a statistically significant difference. Statistical analysis was performed using SPSS (version 25.0, IBM) and R software (version 3.5.2, R Foundation for Statistical Computing).
Results
Forty patients (16 men, 24 women, age range, 18-52 years, mean, 37.1 years ± 9.6 years) were included in the study.
Thus, 80 sacroiliac joints and 320 quadrants were studied. One patient underwent CT scan 6 days after MR scan without any treatment in the interval. All the other patients underwent CT and MRI scans on the same day, and the mean time interval between scans was 1. 
Visual image analysis
On MRI, 63 of 320 quadrants (19.7%) with BME were found in 16 of the 40 patients (40.0%, 7 men, 9 women, mean age, 34.2 years ± 9.5 years). Thirty-one of 63 (49.2%) quadrants with BME were iliac, while 32 of 63 (50.8%) were sacral. Seven lesions (5 iliac, 2 sacral) were only seen within a 3 mm distance from the cortical bone and were excluded for further analysis. Thus, 56 quadrants (26 iliac, 30 sacral) with BME and 313 quadrants in total were included.
The inter-reader agreement is summarized in Table 1 . On the quadrant level, the overall inter-reader agreement for evaluating the presence of BME was good (κ = 0.70) on DECT images. Disagreement was present in 21 (21/313, 6.7%) quadrants (8 iliac, 13 sacral). On the patient level, the inter-reader agreement was almost perfect (κ = 0.83). There was disagreement in 3 (3/40, 7.5%) patients. Table 2 . On the quadrant level, 10.5% (33/313) false results were found, including 19 false negative (5 iliac, 14 sacral) and 14 false positive (6 iliac, 8 sacral) results. The overall specificity (94.6%) and NPV (92.7%) for BME detection were high, while the sensitivity (66.1%) and PPV (72.5%) were moderate. For analysis per patient, 12.5% (5/40) false results were found, of which 3 were false negative and 2 were false positive. The patient-based analysis yielded a higher sensitivity (81.3%) and a comparable specificity (91.7%) to the quadrant-based analysis.
Quantitative analysis
The overall ICC of inter-reader agreement for CT number measurements was 0.85 (95% CI, 0.81-0.88), indicating an excellent agreement [19] . Results of CT number measurements are shown in Fig. 4 . There is no significant difference (p = 0.086) in CT numbers of BME between iliac quadrants (mean, − 27.0 HU ± 34.3 HU) and sacral quadrants (mean, − 8.64 HU ± 44.2 HU), while CT numbers of normal bone marrow were significantly different (iliac, − 83.6 HU ± 27.0 HU; sacral, − 67.8 HU ± 29.3 HU; p < 0.001). Thus, the ROC analysis of the iliac quadrants and the sacral quadrants was performed separately. The results of ROC analysis for Data in parentheses are 95% confidence intervals; +, BME; −, no BME PPV positive predictive value, NPV negative predictive value evaluation of BME presence are displayed in Fig. 5 and Table 3 .
With cutoff values of − 44.4 HU for the ilium and − 40.8 HU for the sacrum, sensitivities of 76.9% and 76.7% and specificities of 91.5% and 87.5% were achieved, respectively, which were comparable to the diagnostic performance of visual analysis.
Discussion
Normal bone marrow can be differentiated from BME by VNCa images calculated from DECT according to our study.
We found moderate sensitivity and high specificity for BME detection on VNCa images in patients suspected for sacroiliitis. We found cutoff values of − 44.4 HU for the ilium and − 40.8 HU for the sacrum for differentiation between normal and edema bone marrow on VNCa images, with comparable sensitivity and specificity to visual analysis. Up to date, only one study from Wu et al [20] assessed the feasibility of DECT in the detection of BME in sacroiliitis. They found a sensitivity of 87-93% and a specificity of 91-94% for detection of BME. Only iliac lesions were evaluated in their study, whereas both the sacral and iliac sides of the joint were analyzed in the present study. The specificity of BME detection on VNCa images for the iliac quadrants in our study (95.3%) was comparable to their results, while our sensitivity (80.8%) was lower. However, all of the patients in their study had BME at MRI, which may bias the results. Also, patients with sclerotic articular surfaces were excluded in their study, which may be a reason for a higher sensitivity in their study. Given that sclerosis is common at the sacroiliac joints, the patient group and results in our study may better Fig. 5 Receiver operating characteristic curves derived from CT numbers measured on virtual non-calcium images for iliac quadrants (a) and sacral quadrants (b). Averages of the CT numbers measured by two readers were used for analysis. AUCs are 0.90 and 0.87 for iliac and sacral quadrants, respectively Fig. 4 Box plots of CT numbers measured on VNCa images for BME on iliac and sacral quadrants with reference to MRI. The CT numbers of sacral normal bone marrow were significantly higher (p < 0.001) than that of the ilium, while no significant difference (p = 0.086) was found between lesions in the ilium and sacrum. Outliers are displayed as individual dots represent clinical practice. The high specificity and NPV of DECT imply that areas appearing to represent BME at DECT do, in fact, represent BME, while the moderate sensitivity implies that a negative DECT scan does not rule out the presence of BME, particularly in small areas of subcortical bone or in patients with extensive sclerosis. Red bone marrow (with 40% fat, 40% water, and 20% proteins) is replaced by fatty yellow bone marrow (with 80% fat, 15% water, and 5% proteins) with increasing age [21, 22] . Remnant red bone marrow in adulthood is mainly located in the axial skeleton, including the sacrum and pelvis [21, 22] . Visually, we found a good correspondence between VNCa images and MR images depicting bone marrow distribution of normal sacroiliac joints (as shown in Fig. 1 ), verifying the ability of VNCa images to visualize bone marrow in sacroiliac joints. However, red bone marrow and BME can be difficult to differentiate from each other on VNCa images, potentially leading to false positive and false negative findings in our study [14, 15] . The lower sensitivity and specificity on the sacral side in our study can also be explained as red bone marrow is more frequently found in the sacrum. Sclerosis might be another reason for the false results in visual analysis. Sclerosis is known to result in calculation errors and an abnormal subtraction process [13, 15, 23] , which may alter the calculated attenuation values on VNCa images. When reevaluating our false results on DECT, sclerosis was found in 9 of the 19 false negative quadrants and 4 of the 15 false positive ones. This indicates that VNCa images should be interpreted with caution when sclerosis is shown on the original CT images. Nevertheless, with the ongoing development of DECT and a more advanced postprocessing technique [13] , this technical limitation of DECT may be improved and the diagnostic accuracy of DECT in BME detection may increase in the future. In addition to red bone marrow and sclerosis, symmetrical BME changes can make the assessment on DECT more difficult. Symmetrical false negative results were seen in 2 patients.
The cutoff value for differentiation between BME and normal bone marrow on VNCa images was − 40.8 HU for the sacral quadrants and − 44.4 HU for the iliac quadrants. This is different from the result from Wu et al [20] . Cutoff values of − 33 HU and − 42 HU for the iliac BME from two different readers were found in their study. Previous studies indicated that there were different cutoff values for different anatomic structures, ages, and kVps for CT scans [7, 10, 24] . Unsurprisingly, the cutoff value for the sacrum is higher than that for the ilium, as more red bone marrow and a higher CT number of the normal bone marrow were found for the sacrum. Using the cutoff CT numbers for differentiating abnormal and normal bone marrow might help increase the sensitivity of BME detection of the sacral quadrants. Considering our small sample size, further study is needed to determine the additional value of CT number measurements for clinical practice.
There are some limitations of our study. Firstly, only 40 patients were included which was a small sample size. Secondly, we excluded BME limited to < 3 mm from the cortical bone from evaluation, due to technical limitations of DECT analysis. Thirdly, the prevalence of BME in our patients was low. More experience in visual detection of BME on VNCa images is still needed. Fourthly, the reference standard for BME detection was MRI in the present study; however, small foci of BME may remain undetected on MRI [25] and produce false negative results. Also, MRI detection of BME depends on scan technique and inter-reader variability. MRI for BME was scored in consensus to minimize the latter effect.
It is noteworthy that DECT cannot yet be a substitute for MRI in sacroiliac BME detection. The high specificity for BME detection of DECT in the present study indicates that DECT may serve as a tool for "ruling in" patients as having active sacroiliitis, especially in patients with contraindications to MRI. Meanwhile, sacroiliitis can also be related to other inflammatory diseases such as inflammatory bowel disease [26] . Serendipitous evaluation of BME in the sacroiliac joints may benefit these patients if DECT is used for their abdominal scan.
In conclusion, VNCa images postprocessed from DECT can detect inflammatory BME in sacroiliac joints with a high specificity and NPV using MRI as a standard of reference. 
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